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Shigella flexneri two-component regulatory systems (TCRS) are responsible for sensing changes in environmental conditions
and regulating gene expression accordingly. We examined 12 TCRS that were previously uncharacterized for potential roles in S.
flexneri growth within the eukaryotic intracellular environment. We demonstrate that the TCRS EvgSA, NtrBC, and RstBA sys-
tems are required for wild-type plaque formation in cultured epithelial cells. The phenotype of the NtrBC mutant depended in
part on the Nac transcriptional regulator. Microarray analysis was performed to identify S. flexneri genes differentially regulated
by the NtrBC system or Nac in the intracellular environment. This study contributes to our understanding of the transcriptional
regulation necessary for Shigella to effectively adapt to the mammalian host cell.

Shigella flexneri is a Gram-negative, facultative intracellular bac-
terial pathogen responsible for shigellosis or acute bacillary

dysentery (1). Shigella infections are acquired via ingestion of con-
taminated food or water (1). After traversing the small intestine,
Shigella enters the colon and penetrates the colonic epithelium via
M cells associated with the colonic mucosa (2). Although Shigella
is taken up by macrophage cells that underlie the M cell, the bac-
teria resist destruction by the macrophage and cause macrophage
apoptosis (3). After gaining access to the basolateral surface, Shi-
gella attaches to colonic epithelial cells and induces its own uptake
via phagocytosis (2). Subsequently, the bacterium lyses the phago-
cytic vesicle and is released into the cytoplasm, where it multiplies
(2). Shigella remains inside eukaryotic cells for much of its life
cycle, spreading from cell to cell via actin-based motility without
being exposed to the extracellular environment (2).

Careful regulation of gene expression throughout the course of
an infection is necessary for bacteria to adapt successfully to the
host environment and cause disease within the host. When Shi-
gella is within the cytoplasm of the epithelial or macrophage cell, a
specific subset of genes, including genes involved in nonspecific
heat shock, oxidative stress, and nutrient acquisition, are upregu-
lated (4, 5). These data suggest that Shigella is exposed to numer-
ous stimuli within the cytoplasm of eukaryotic cells, and that the
bacterium regulates its gene expression to adapt accordingly.
Other studies have also shown that expression of some of these
genes, such as those involved in iron and phosphate acquisition,
are important for Shigella to survive, multiply, and spread nor-
mally in the intracellular environment (6–8).

To appropriately modulate gene expression in a particular en-
vironment, Shigella senses changes in environmental conditions.
This process can be mediated by two-component regulatory sys-
tems (TCRS). TCRS usually consist of a membrane-located sensor
kinase and a cytoplasmic transcriptional regulator (9). However,
there are TCRS that have a cytoplasmic sensor kinase, such as
NtrB, the sensor kinase of the NtrBC system (10). In response to
an environmental signal the autophosphorylation activity of the
sensor kinase changes, resulting in the transfer of a phosphoryl
group to an aspartic acid residue in the transcriptional regulator,
which causes a conformational change of the transcriptional reg-
ulator. This activated transcriptional regulator then binds to DNA

targets and alters gene expression as a direct result of the environ-
mental signal (9).

Several TCRS are already implicated in the regulation of viru-
lence genes in Shigella. Deletion of the EnvZ/OmpR TCRS re-
duced the ability of S. flexneri to invade and survive intracellularly
(11). The phenotype of this mutant was attributed to dysregula-
tion of the chromosomally encoded porin OmpC that is required
for intercellular spread and the virulence plasmid genes that are
required for both invasion and intercellular spread of S. flexneri
(11, 12). The TCRS CpxAR regulates expression of the Shigella
virulence plasmid-encoded master regulator, VirF, in response to
pH signals (13, 14). S. flexneri mutants lacking an intact PhoPQ
system are more susceptible to the bactericidal capacity of poly-
morphonuclear leukocytes (PMNs) and antimicrobial molecules,
indicating that PhoPQ also plays an important role in Shigella
virulence (15).

The current study was designed to determine whether a previ-
ously unexamined set of Shigella TCRS contribute to adaptation
of Shigella to the intracellular environment. Specifically, S. flexneri
mutants were constructed that lacked the BaeSR, CreBC, EvgSA,
NtrBC, QseCB, DcuSR, HydHG, NarLX, RcsCB, RstBA, DctR
(YhiF), or YfhKA TCRS. The chosen TCRS include those impli-
cated in resistance to environmental stresses and metabolic adap-
tation. BaeSR responds to bacterial cell wall envelope stress and
regulates a number of genes, including those required for resis-
tance to antibiotics and heavy metals (16–18). The zinc-respon-
sive TCRS HydHG (or ZraSR) also plays a role in the extracyto-
plasmic stress response, is required for zinc tolerance in
Escherichia coli, and contributes to resistance to polymyxin B in
Salmonella (19, 20). EvgSA activates genes required for acid resis-
tance and osmotic adaptation in E. coli (17). The acid response of
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EvgSA is mediated in part via the LuxR family regulator GadE,
which coregulates the glutamate-dependent acid regulon as a het-
erodimer with the response regulator RcsB (21). RcsCB also re-
sponds to cell membrane stress and regulates virulence genes in
Salmonella (22, 23). The QseCB TCRS is activated in response to
host and bacterial signals and is required for full virulence of E.
coli, Salmonella, and Francisella tularensis through regulation of
virulence factors as well as metabolic genes (24–28). CreBC,
DcuSR, NtrBC, NarLX, and DctR contribute to metabolic adap-
tations (29–31). The function of the remaining TCRS are not as
clear. To determine whether these TCRS are important for Shigella
adaptation to the intracellular environment, S. flexneri mutants
were tested for their ability to invade and spread from cell to cell
using an in vitro tissue culture model.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Bacterial strains and
plasmids used are listed in Table 1. E. coli strains were grown in LB broth
or on L agar (Becton, Dickinson and Company) at 37°C. S. flexneri strains
were grown in LB broth or on Trypticase soy broth agar (Becton, Dickin-
son and Company) plus 0.1% (wt/vol) Congo red dye at 37°C. For growth
curves, Shigella was grown in M9 minimal medium (42 mM Na2HPO4, 24

mM KH2PO4, 9 mM NaCl, 19 mM NH4Cl, 2 mM MgSO4, 0.1 mM CaCl2)
containing 0.2% (wt/vol) glucose, 2 �g/ml nicotinic acid, and 40 �M iron
sulfate. Antibiotics were used at the following concentrations: 10 �g/ml
chloramphenicol and 125 �g/ml carbenicillin.

Recombinant DNA and PCR methods. Isolation and purification of
DNA was performed using a DNeasy tissue kit, QIAprep spin miniprep
kit, and QIAquick gel extraction kit (Qiagen, Valencia, CA), each accord-
ing to the manufacturer’s instructions. PCRs were done with GoTaq (Pro-
mega Corp., Madison, WI) or PfuTurbo for cloning (Stratagene, Santa
Clara, CA) as indicated below.

To clone the S. flexneri ntrBC genes, a 3.2-kb ntrBC product was am-
plified from S. flexneri SM100 using Pfu Turbo and primers UR224 (5=
CCCCGGATCCCATCCGGTAGAGT 3=) and UR225 (5=CCCCAAGCTT
GCACTTCGCTGATAACTTTGC 3=). The ntrBC PCR product and the plas-
mid pWKS30 (32) were digested with the restriction enzymes BamHI and
HindIII and then ligated together to produce pJW1.

To create a constitutively expressed nac gene, the S. flexneri nac gene
was fused to the dnaY promoter. PCR primers UR275 (5= CCCCGGATC
CGCCATTGACTCAGCAAGGGTTGACCGTATAATTCACGCGATTG
GGCCGATTCTTAAAAACCGGAGGCAAC 3=), which contained the
45-bp dnaY promoter sequence overhang and the beginning of the nac
coding sequence, and UR264 (5= CCCCAAGCTTTCGAACAAATATTT
CGATGCC 3=) were used to amplify a dnaY-nac fragment from S. flexneri
SM100 chromosomal DNA. Both the dnaY::nac PCR product and
pWKS30 were digested with BamHI and HindIII and then ligated to pro-
duce pJW4.

Construction of mutant S. flexneri strains. Shigella TCRS mutants
were constructed using either a phage recombinase-mediated allelic ex-
change protocol (63) or P1 transduction. The products for allelic ex-
change were amplified via PCR using pKD3 as a template with primers
that contained the 5= or 3= end of the TCRS gene as overhangs and 20 bp
that corresponded to the chloramphenicol resistance gene (cam) on
pKD3. Each PCR yielded a product (TCRS::cam) that contained approx-
imately 50 bp of the beginning of the TCRS gene, a chloramphenicol
resistance gene, and approximately 50 bp of the end of the TCRS gene. The
TCRS::cam PCR fragment was electroporated into S. flexneri SM100 con-
taining the temperature-sensitive plasmid pKM208 (33), which harbors
the phage lambda Red recombinase genes under the control of an isopro-
pyl �-D-1-thiogalactopyranoside (IPTG)-inducible promoter, as de-
scribed previously (34). Transformants were selected on Congo red agar
containing 5 to 10 �g/ml chloramphenicol. Growth of the cultures at 42°C
eliminated pKM208. Mutants were verified via PCR using primers flank-
ing the allelic exchange site. P1 transduction was used to generate rstA::
kan and dcuR::kan mutants using standard methodology (35). P1 was
amplified on E. coli strains JW1600-1 and JW4085-3, respectively, from
the Keio collection (36) to generate a P1 stock.

Henle cell invasion and plaque assays. Henle cells (intestine 407 cells;
American Type Culture Collection, Manassas, VA) were maintained in
Henle medium (minimum essential medium supplemented with 1�
nonessential amino acid solution and 10% [vol/vol] fetal bovine serum
[all from Invitrogen, Carlsbad, CA]) in a 5% CO2 atmosphere at 37°C. For
invasion assays, confluent Henle cells were split 1:8 into 10-cm2 wells and
allowed to grow for 2 days. The Henle cell invasion assays were performed
essentially as described by Hale and Formal (37), with the addition of
gentamicin 45 min postinvasion. To visualize the number of infected
Henle cells, the cells were washed two times with phosphate-buffered
saline (PBS), fixed with 3 ml of methanol for 3 min, stained with Giemsa-
Wright for 30 s, and washed twice with water. The percent invasion was
calculated by dividing the number of Henle cells containing bacteria by
the number of Henle cells counted and multiplying by 100. At least 100
cells were enumerated for each independent experiment. Plaque assays on
Henle cells were performed as described previously (38) using the modi-
fications described by Hong et al. (39). After 3 days, plaque assays were
fixed, stained, and imaged. Plaque diameter was measured using Image J
software (40).

TABLE 1 Bacterial strains and plasmids

Strain or plasmid Description
Source or
reference

E. coli
DH5� endA1 hsdR17 supE44 thi-1 recA1 gyrA

relA1 �(lacZYA-argF)U169 deoR
�80dlac�(lacZ)M15

35

S. flexneri
SA100 Wild-type serotype 2a 67
SA101 SA100 Crb�, lacks intact virulence

plasmid
52

SM100 SA100 Strr S. Seliger
UR33 SM100 �baeSR::cam This study
UR34 SM100 �creBC::cam This study
SM1140 SM100 �dcuR::kan This study
UR35 SM100 �evgSA::cam This study
SM1148 SM100 �gadE::cam (yhiE) This study
SM1141 SM100 �hydHG::cam (zraR) This study
UR42 SM100 �nac::cam This study
SM1142 SM100 �narXL::cam This study
UR36 SM100 �ntrBC::cam This study
SM1143 SM100 �qseBC::cam This study
SM1145 SM100 �rstA::kan This study
SM1146 SM100 �yfhKA::cam This study
SM1147 SM100 �yhiF::cam This study
SM1144 SM100 �yojNrcsCB::cam This study

Plasmids
pKD3 Contains chloramphenicol resistance

gene
68

pKM208 Phage lambda Red recombinase genes
under the control of an inducible
promoter on temp-sensitive
plasmid

33

pWKS30 Low-copy-no. cloning vector 32
pJW1 pWKS30 carrying S. flexneri ntrBC This study
pJW4 pWKS30 carrying dnaY promoter-nac

fusion
This study
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For intracellular growth assays, invasion assays were done as described
above with the following modifications. Henle cells were inoculated with
1 � 108 bacteria for 30 min before gentamicin was added. At each time
point after the 30-min invasion (0 and 3 days), the samples were washed 4
times with PBS, trypsinized, and resuspended in 500 �l saline. An aliquot
of Henle cells was removed and stained with trypan blue in order to
determine the number of Henle cells per ml. The remaining Henle cells
were lysed in 0.5% (wt/vol) sodium deoxycholate (DOC), serially diluted,
and plated on Congo red plates. After incubation overnight at 37°C, the
number of CFU per ml was determined. A parallel set of invasion assays,
using Giemsa staining as described above, was done to verify that both
mutants invaded Henle cells at the wild-type rate.

RNA isolation and microarray analysis. S. flexneri RNA was isolated
from infected Henle cells using a modification of the methods described
by Eriksson et al. (41). Briefly, infected Henle cells were lysed on ice for 30
min in 0.1% SDS, 1% acidic phenol, 19% ethanol in water to stabilize
bacterial RNA. Cellular lysates were centrifuged, and bacterial pellets were
frozen at �80°C. RNA was subsequently isolated using RNeasy columns
(Qiagen). RNA was eluted in 35 �l RNase-free water and then treated with
DNase (Ambion) to ensure adequate removal of genomic DNA contam-
ination. cDNA was synthesized from RNA using the Invitrogen Super-
Script double-stranded cDNA synthesis kit. Commercial E. coli microar-
rays were obtained from NimbleGen. cDNA labeling, array hybridization,
and scanning were performed at the Institute for Bioinformatics and Evo-
lutionary Studies, Genomic Resources Laboratory, University of Idaho,
Moscow, ID, USA (http://www.ibest.uidaho.edu/cores), by following
their standard operating procedures. Briefly, cDNA labeling with Cy-5
was performed using the NimbleGen labeling kit. Hybridization and
washes used NimbleGen reagents and hardware before scanning with a
Roche NimbleGen MS200 scanner in accordance with the protocols pro-
vided by NimbleGen.

NimbleScan software (NimbleGen, Madison, WI) was used to align a
chip-specific grid to control features and extract raw intensity data for
each probe and each array. Chip images were then visually checked for
each array and verified not to contain any significant spatial artifacts. Raw
intensity data were then read into the R statistical computing environ-
ment and checked for quality. Further, chip intensity distributions, box-
plots, and hierarchical clusters were compared and checked for any un-
usual global patterns. Each array was then background corrected and
normalized using the quantile normalization procedure, and finally each
probe set was summarized using the median polish procedure as de-
scribed for the robust multichip average (RMA) procedure (42–44). The
median polish procedure is a robust method for summarizing all probes
contained within each probe set to a single expression value for each gene
that takes into account individual probe effects. Probe sets with low levels
of expression variation across all samples (interquartile range [IQR] of
	0.5) were removed from further analysis, reducing the overall number
of statistical tests to be performed. Differential expression was then as-
sessed using a linear model with an empirical Bayesian adjustment to the
variances (45), and comparisons of interest were extracted using con-
trasts. The Benjamini and Hochberg (BH) method was used to control for
the expected false discovery rate given multiple tests (46). Probe sets were
considered statistically differentially expressed with a BH-adjusted P value
of 	0.05.

qRT-PCR analysis. cDNA was prepared from 500 ng of RNA using the
QuantiTect system (Qiagen) according to the manufacturer’s protocol.
cDNA quality and concentration were measured on a Nanodrop ND-
1000 spectrophotometer and an Agilent Bioanalyzer. Quantitative reverse
transcription-PCR (qRT-PCR) was performed using the SYBR premix Ex
Taq II kit (TaKaRa) with 100 ng of cDNA according to the manufacturer’s
protocol. Samples were run in triplicate, and DNase-treated RNA was
used as a negative control. Plates were sealed with ThermalSeal RT opti-
cally transparent sealing film (EXCEL Scientific). qRT-PCR was per-
formed on a StepOnePlus instrument (Applied Biosystems) using the
following protocol: initial denaturation of 95°C for 1 min; shuttle PCR

(2-step PCR) of 95°C for 5 s and 60°C for 30 s for 40 cycles; and a disso-
ciation stage of 95°C for 15 s, 60°C for 1 min, and 95°C for 15 s. Data were
analyzed using StepOne software, v2.1. The fold change was calculated
using the comparative threshold cycle (CT) method (47), where fold
change is 2���CT. Gene expression was normalized to the expression of
the housekeeping gene rrsA. Primers for qRT-PCR are the following:
rrsAF (5=CACGATTACTAGCGATTCCGACTT 3=), rrsAR (5=CGTCGT
AGTCCGGATTGGA 3=), nacF (5= ACAACTCTTTCACTGCCTGT 3=),
nacR (5= GAGTCTATTGCCACGCTTAC 3=), ipaBF (5= GCCAAAATAT
TGACTTCCAC 3=), and ipaBR (5= TTAGTTGGGAACTTGCATTT 3=).
To determine if differences in expression were significant, Student’s t test
was performed on the �CT values from three independent experiments.

Statistical analyses. Invasion assay and plaque assay data were statis-
tically analyzed by Student’s t test using GraphPad Prism software or
analysis of variance (ANOVA) using Microsoft Excel. Differences between
strains were considered significant at P 	 0.05.

Microarray data accession number. The microarray data have been
deposited in the GEO database (accession number GSE49939).

RESULTS
Role of previously uncharacterized TCRS for Shigella within eu-
karyotic cells. Two-component regulatory systems (TCRS) di-
rectly link environmental signals, such as those sensed by Shigella
within eukaryotic cells, and gene regulation. To identify Shigella
TCRS that might contribute to intracellular growth, we used the
DBD transcription factor database (48), the conserved domains
feature of NCBI Entrez (49), and the E. coli TCRS literature (9).
Thirty-three potential TCRS were identified in S. flexneri 2457
(Table 2). Since Shigella species contain a large number of pseu-
dogenes (50), we determined which of these potential TCRS genes
were intact in all four species of Shigella using ShiBase (51). Intact
TCRS contained no insertion sequences, frameshift mutations, or
nonsense mutations. Our rationale for this approach was that
TCRS that are conserved in all four species are more likely to be
important for intracellular growth and survival of Shigella. Seven-
teen of the 33 potential TCRS were conserved among all four
Shigella species and contained both the histidine kinase and the
response regulator (Table 2). Of these seventeen, six were already
studied in Shigella. We constructed 12 S. flexneri mutants for fur-
ther characterization of TCRS that have not previously been ex-
amined in Shigella: BaeSR, CreBC, DcuSR, EvgSA, HydHS,
NarLX, NtrBC, QseBC, RcsCB, RstBA, and YfhKA. Additionally,
an S. flexneri mutant lacking YhiF (DctR) was also constructed,
although the cognate sensor kinase for this response regulator is
unknown. Mutants were constructed using the red recombinase
system to delete the sensor kinase and the response regulator when
possible. In the case of the rstA and the dcuR mutants, we were
unable to obtain allelic exchange mutants using this technique.
Instead, we transduced a kanamycin-marked allele of the response
regulator from the respective Keio collection E. coli mutant into
wild-type S. flexneri using the P1 phage.

To determine whether the selected TCRS-regulated genes are
required for invasion, Henle invasion assays were performed with
Shigella TCRS mutants and compared to the isogenic wild-type
strain SM100. The invasion of Henle cells by all of the mutants was
similar to the behavior of the parent strain SM100 (Table 3). As a
negative control, invasion assays were performed with the aviru-
lent strain SA101. Consistent with published reports (52), this
strain did not invade Henle cells (data not shown). Since the Shi-
gella TCRS may regulate genes important in steps after the initial
cell invasion, we examined the mutants for their ability to form
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plaques on Henle cell monolayers. Only plaques formed by the ntrBC,
evgSA, and rstA mutants were significantly smaller than those formed
by SM100 (Table 3 and Fig. 1). Since EvgA regulates acid response
genes in part through GadE and RcsB, we constructed an S. flexneri
mutant in gadE (yhiE). Plaques formed by the gadE mutant (and
yojN rcsCB mutant) were not statistically different in size from
those formed by wild-type S. flexneri (Table 3).

The QseBC system responds to bacterial and host signals, such
as epinephrine/norepinephrine, to regulate E. coli and Salmonella
gene expression and virulence (53). We did not observe a differ-
ence in plaque diameter in the presence or absence of 50 �M
epinephrine; however, the S. flexneri qseBC mutant formed 30%
fewer plaques than the wild type in the presence or absence of
epinephrine (Table 3 and data not shown).

NtrBC and Nac are required for wild-type replication and/or
spread of Shigella within Henle cells. Since the ntrBC mutant had

the strongest phenotype in tissue culture assays for virulence, we
proceeded to focus our study and characterize the ntrBC mutant
further. In E. coli, NtrBC, in conjunction with sigma-54, activates
transcription of the transcriptional regulator Nac (30). Thus, it is
possible that in Shigella the effect of NtrBC on plaque formation
could be mediated partially through Nac. To determine whether
Nac is important for the survival, multiplication, or spreading of
Shigella within intestinal epithelial cells, an S. flexneri �nac mutant
was constructed and plaque assays performed. The plaques
formed by the �nac mutant were significantly smaller than those
formed by the wild type (Table 3). These data suggest that Nac is
also required for optimal intracellular replication and/or intercel-
lular spread.

TABLE 2 Putative TCRS in Shigella

System
Role in Shigella virulence
or referenced

Intacta

ArcB/ArcA 69
BaeS/BaeR This study
BarA/UvrY 70
CpxA/CpxR 13, 14
CreC/CreB This study
DcuS/DcuR This study
EnvZ/OmpR 11, 12
EvgS/EvgA This study
HydH/HydG (ZraS/ZraR) This study
NarX/NarL This study
NtrB/NtrC This study
PhoQ/PhoP 15
QseC/QseB This study
RcsC, YojN/RcsBb This study
RstB/RstA This study
UhpB/UhpA 5
YfhK/YfhA This study
?/YhiFc This study

Nonintact
BasS/BasR basR pseudogene in Sd
CheA/CheB Absent from Sb and Sd
CheA/CheY Absent from Sb and Sd
CusS/CusR Absent from Sb and Sd
NarQ/NarP narQ pseudogene in Sf
PhoR/PhoB Absent from Sd (8)
TorS/TorR torS pseudogene in Sd
YedV/YedW Absent from Sd
?/YhjB Absent from Sd
?/BglJ Pseudogene in Sd and Sb
?/CsgD Pseudogene in Sd and Ss
?/RcsA Absent from Sd
?/SdiA Pseudogene in Sd
S4836/S4837 Absent from Sb, Sd, and Ss
?/S3212 Absent from Sb, Sd, and Ss

a TCRS are listed as sensor kinase/response regulator. Systems are considered intact if
they lack insertion sequences, frameshift mutations, and nonsense mutations in all four
species of Shigella per ShiBase.
b The gene encoding the RcsB response regulator is flanked by genes encoding the
sensor kinase RcsC and a phosphorelay intermediate protein, YojN.
c The cognate sensor kinase is unknown.
d Abbreviations: Sb, S. boydii; Sd, S. dysenteriae; Sf, S. flexneri; Ss, S. sonnei.

TABLE 3 Phenotype of S. flexneri transcriptional regulator mutants in
tissue culture assays of virulence

Strain
% Invasiona

(means 
 SD)
Plaque sized (mm)
(means 
 SD)

SM100 (WT) 90 
 12 0.94 
 0.17b

baeSR 97 
 10 0.93 
 0.10
creBC 94 
 7 0.83 
 0.06
dcuR 93 
 6 1.00 
 0.26
evgSA 97 
 10 0.66 
 0.03**
hydHG (zraSR) 96 
 5 0.92 
 0.19
narXL 93 
 2 0.89 
 0.28
ntrBC 91 
 6 0.61 
 0.13**
qseCB 98 
 4 1.01 
 0.03
yojNrcsCB 93 
 2 0.86 
 0.16
rstA 90 
 2 0.71 
 0.09*
yfhKA 96 
 4 0.87 
 0.26
yhiF 91 
 11 0.77 
 0.08
gadE (yhiE) 86 
 9 0.86 
 0.26
nac 93 
 4 0.80 
 0.17*
WT � Epic 100 
 0 0.97 
 0.06
qseCB � Epi 96 
 1 1.00 
 0.09
a Percent invasion is the percentage of Henle cells that had at least three intracellular
bacteria 30 min postinfection.
b This result reflects the cumulative data over the entire study. For statistical analysis,
the plaque sizes of mutants were compared to those of the wild type in at least three
independent experiments using the Student’s paired t test.
c Epi, epinephrine was added to the plaque assay at 50 �M final concentration.
d *, The difference in plaque size between the wild-type and mutant strains was
significant (P 	 0.05 by Student’s paired t test). **, The difference in plaque size
between the wild-type and mutant strains was significant (P 	 0.01 by Student’s paired
t test).

FIG 1 S. flexneri mutants lacking ntrBC, rstA, and evgSA form small plaques in
Henle cell monolayers. Confluent monolayers of Henle cells were infected with
103 bacteria per well, and the plaques were imaged after 3 days. The assay was
repeated three times, and a representative image is shown.
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The phenotype of the ntrBC mutant was complemented by the
pJW1 plasmid carrying ntrBC under the control of its native pro-
moter (P 	 0.05 by ANOVA) (Fig. 2). To further examine the
contribution of Nac to the ntrBC mutant phenotype, we con-
structed the plasmid pJW4, in which Nac is expressed via the con-
stitutively active dnaY promoter. Strains containing pJW4 have
Nac expression that is independent of NtrBC regulation, allowing
us to uncouple the effects of NtrBC and Nac on plaque formation.
Our model predicts that if any of the effects of NtrBC on plaque
formation are mediated through Nac, then restoration of nac ex-
pression via pJW4 in the ntrBC mutant would increase plaque size
of the mutant. The plaques formed by ntrBC/pJW4 were signifi-
cantly larger than those formed by ntrBC/pWKS30, the mutant
carrying the empty vector (P 	 0.05 by ANOVA) (Fig. 2). Taken
together, these data suggest that Nac-dependent genes are impor-
tant for plaque formation.

NtrBC and Nac are important for wild-type growth in the
intracellular environment. There are multiple mechanisms by
which the lack of ntrBC could reduce the size of the plaques
formed by Shigella. The ntrBC mutant invaded epithelial cells like
the wild type, suggesting that the expression of virulence plasmid
genes necessary for host cell invasion and intercellular spread was
not affected. To confirm that the expression of these genes was not
significantly altered once the mutant established intracellular rep-
lication, we quantified the expression of a representative virulence
plasmid gene, ipaB, using qRT-PCR. The fold change of ipaB ex-
pression was 1.37 
 0.16 in the ntrBC strain relative to the wild
type during Henle cell infection. Therefore, it is unlikely that the
plaque size defect resulted from altered virulence gene expression.
Instead, small-plaque formation could result from a metabolic

defect of the ntrBC mutant. To determine whether the small
plaques formed by the ntrBC mutant were caused by a growth
defect, both extra- and intracellular growth assays were per-
formed. There were no significant differences in the growth rate of
wild-type SM100, the ntrBC mutant, or the nac mutant in rich LB
or M9 minimal media (Fig. 3A). For intracellular growth assays,

FIG 2 Plaque formation defect of the ntrBC mutant in Henle cell monolayers
is due in part to Nac. Confluent Henle cell monolayers were infected with 104

bacteria per 35-mm-diameter plate. After 3 days, plates were fixed and stained,
and the plaque diameter was measured. UR36 is the ntrBC mutant, pJW1 has
the Shigella ntrBC genes cloned into pWKS30, and pJW4 has the Shigella nac
gene cloned under the control of the constitutive dnaY promoter on pWKS30.
The data presented are the means 
 standard deviations from at least three
experiments. Letters (a and b) denote statistically significant differences: a,
UR36/pWKS30 and UR36/pJW1 are statistically different (P 	 0.05 by
ANOVA); b, UR36/pWKS30 and UR36/pJW4 are statistically different (P 	
0.05 by ANOVA). An asterisk indicates that by using qRT-PCR, we confirmed
that nac expression levels in the S. flexneri ntrBC mutant were reduced. The
fold change expression of nac in the wild type versus the ntrBC mutant was
2.1 
 0.3 (means and standard deviations from three independent experi-
ments). Differences in expression between strains was significant (P � 0.04 by
Student’s t test).
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FIG 3 Extra- and intracellular growth of the ntrBC and nac mutants. (A)
Growth of SM100 (diamonds), the ntrBC mutant UR36 (squares), and the nac
mutant UR42 (triangles) in M9 minimal media and LB broth at 37°C were
measured via optical density at 650 nm (OD650). Averages and standard devi-
ations from three independent assays are shown. (B) Confluent monolayers of
Henle cells were infected with 103 bacteria per well, and the plaques were
harvested 3 days after infection. The number of bacteria relative to the initial
time point is shown. The assay was repeated three times, and the graph repre-
sents the means 
 standard deviations from four independent assays. P �
0.002 (**) and P � 0.001 (***) by Student’s t test.
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we performed plaque assays, harvested the monolayer 3 days
postinfection, and plated serial dilutions (Fig. 3B). The number of
intracellular ntrBC mutant bacteria increased 51-fold over the
3-day time course of the assay, whereas the number of intracellu-
lar wild-type S. flexneri cells increased 243-fold. Similarly, the nac
mutant appeared to replicate slower than the wild type, increasing
only 81-fold over the 3-day time course. Student’s t test indicated
that the replication of the ntrBC and nac mutants was significantly
different from that of wild-type S. flexneri (P � 0.0001 and P �
0.002, respectively). Therefore, we propose that the ntrBC and nac
mutants have a growth defect in the intracellular environment,
unlike the wild-type bacteria, that reduces the size of plaque for-
mation.

Identification of the S. flexneri ntrBC and nac regulon via
microarray expression analysis. To begin to define NtrBC- and
Nac-regulated genes that may be important for S. flexneri adapta-
tion to and growth in the intracellular environment, we per-
formed gene expression analysis on intracellular bacteria via mi-
croarrays. RNA was harvested from intracellular wild-type and
ntrBC and nac mutants of S. flexneri. There were no statistically
significant differences between the expression profiles of the wild-
type strain and the ntrBC mutant. However, nine genes exhibited
significantly different expression in the nac mutant relative to the
wild type (Table 4) and included genes involved in cellular metab-
olism and genes whose expression was previously shown to be
upregulated in intracellular S. flexneri relative to broth culture (4).

DISCUSSION

TCRS allow bacteria to sense changes in environmental condi-
tions and regulate their gene expression accordingly. Given that
Shigella encounters numerous different environments during an
infection, it is reasonable that TCRS are important for adapting to
these different environments, and it is important to identify which
TCRS warrant further study. Indeed, the Shigella CpxAR, EnvZ/
PmpR, and PhoPQ TCRS have demonstrated roles in virulence
(11, 13, 15). We have examined the importance of 12 previously

uncharacterized TCRS in Shigella intracellular growth using tissue
culture models for invasion, intracellular survival, and intercellu-
lar spread. Our results indicate that while none of the examined
TCRS are absolutely essential for invading Henle epithelial cells,
mutants lacking the EvgSA, NtrBC, and RstBA TCRS formed sig-
nificantly smaller plaques than the wild type in Henle cell mono-
layers. Therefore, our data suggest that the EvgSA, NtrBC, and
RstBA TCRS contribute to adaptation to the intracellular environ-
ment.

The results of this study show that the S. flexneri ntrBC mutant
grows slower than the wild-type Shigella strain within Henle cells,
suggesting that the NtrBC system is important for the adaptation
of Shigella to the conditions present in the epithelial cell. Numer-
ous genes that encode proteins that involved nitrogen transport,
assimilation, and metabolism have been identified as regulated by
NtrBC in conjunction with sigma-54 in E. coli, including glnHPQ
(encoding glutamate ABC transporter) and glnA (encoding glu-
tamine synthetase) (30). Thus, our initial working model was that
the lower growth rate in cultured epithelial cells of the S. flexneri
ntrBC mutant was due in part to reduced levels of these nitrogen-
related functions. To define genes that were regulated by NtrBC in
S. flexneri, we performed microarray analysis. Surprisingly, we did
not see significant changes in gene expression between wild-type
Shigella and the ntrBC mutant. The discrepancy between our mi-
croarray analysis and the published report on E. coli likely results
from differences in experimental design: our study compared ex-
pression profiles of an ntrBC mutant to wild-type S. flexneri,
whereas Zimmer et al. compared the expression profiles of an
NtrC-overexpressing strain to an NtrC mutant (30). Since our
microarray analysis indicated that there were not large, statisti-
cally significant changes in gene expression in the S. flexneri ntrBC
mutant, the phenotypic defect of the ntrBC mutant is likely to be
due to numerous, very small differences in gene expression that
were not picked up by the array analysis but that collectively do
influence intracellular growth. Furthermore, we only examined
one time point for this work, so we are unable to exclude the
possibility that greater differences in gene expression occur at
other time points postinfection.

Our data also demonstrate that Nac contributes to intracellular
survival and multiplication of Shigella organisms. The S. flexneri
nac mutant formed significantly smaller plaques on Henle cells
than those formed by wild-type Shigella. Furthermore, restoration
of nac expression in the Shigella mutant lacking ntrBC increased
the plaque size of the ntrBC mutant. In our microarray analysis,
we saw significant changes in gene expression between wild-type
Shigella and the nac mutant, including the genes involved in cel-
lular respiration, such as ldhA (b1380), which encodes the NAD-
dependent lactate dehydrogenase, and cybB (b1418), which en-
codes cytochrome b561. In E. coli, ldhA expression occurs during
aerobic growth but is induced further when bacteria are grown
under anaerobic conditions at acidic pH (54). Lactate dehydroge-
nase is expressed during S. dysenteriae in vivo infections (55), and
ldhA gene expression is upregulated in S. flexneri growing in cul-
tured epithelial cells or macrophages compared to LB controls (4).
Proper expression of ldhA may be required for efficient intracel-
lular replication, even though our experiments were not per-
formed under anaerobic conditions. Of the remaining genes that
are activated by Nac, b1407, b1447, and b1847 are also notable
because their expression was upregulated 14-fold, 4-fold, and 13-
fold, respectively, in intracellular S. flexneri relative to broth cul-

TABLE 4 S. flexneri genes regulated by Naca

Geneb Annotationc

Fold change
expression in the
nac mutant
relative to WT P value

b1380 Fermentative d-lactate
dehydrogenase, NAD dependent

0.04 6.15E�07

b1407 Predicted protein potentially
involved in detoxification of
methylglyoxal

0.12 0.0007

b1418 Cytochrome b561 0.16 0.0052
b1422 Putative LysR-type transcriptional

regulator
0.26 0.0308

b1446 Predicted protein 0.11 0.0007
b1447 Predicted inner membrane protein 0.24 0.0371
b1450 McbR GntR-type transcriptional

regulator
0.17 0.0050

b1847 Predicted protein 0.15 0.0038
b4217 Conserved protein 8.63 0.0060
a Genes regulated 2-fold in 3 of 3 biological replicates with a P value of 	0.05, sorted
by locus.
b E. coli gene designation from EcoCyc.
c Functional annotations for the E. coli genome were obtained from EcoCyc.
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ture (4); thus, one potential explanation for the small-plaque phe-
notype of the nac mutant is that these genes are not appropriately
upregulated and expressed at optimal levels. Only one gene, b4217
or ytfK, was overexpressed in the nac mutant relative to the wild
type. ytfK encodes a conserved protein, and expression of this gene
is activated by PhoB in E. coli (56).

The importance of NtrBC in Shigella adaptation to the intra-
cellular environment is consistent with studies of other pathogens.
Deletion of ntrC in Brucella suis reduced replication of the bacteria
in spleen tissue in a mouse model of infection (57). Furthermore,
NtrBC positively regulates glnA, the gene encoding glutamine syn-
thetase. Mycobacterium tuberculosis and Salmonella enterica mu-
tants lacking glutamine synthetase showed reduced intracellular
growth (58, 59), and glnA is upregulated by Listeria monocytogenes
in the intracellular environment (60). Therefore, the effects of
ntrBC deletion may be mediated at least partially through de-
creased glnA expression.

We focused our efforts on the ntrBC TCRS, since it had the
strongest phenotype, but small-plaque formation by other S. flex-
neri mutants may give insight into the environment encountered
by the bacterium and the genes required for optimal intracellular
replication and spread, and these insights may generate testable
hypotheses for future studies. The S. flexneri evgSA mutant formed
smaller plaques than the wild type. In E. coli, EvgA activates acid
resistance response genes, including the glutamate-dependent
and -independent systems (17, 61, 62). Our data suggest that
EvgSA responds to something in the intracellular environment
and activates one or more downstream genes that are important
for efficient intercellular spread. EvgSA regulates the glutamate-
dependent acid response genes gadABCXW in part through the
GadE regulator (62). RcsB and GadE form a heterodimer to acti-
vate gadA transcription (21). We investigated the potential role of
the RcsB/GadE heterodimer in plaque formation; however,
plaques formed by the gadE mutant and the yojN rcsCB mutant
were not statistically different in size from those formed by wild-
type S. flexneri. These results suggest that the smaller plaques
formed by the evgA mutant result from dysregulation of other
genes. In the context of a natural infection, it is also possible that
EvgSA contributes to Shigella virulence via the PhoPQ system.
Although PhoP was dispensable for early stages of infection, in-
cluding invasion and intercellular spread, the S. flexneri phoP mu-
tant was more rapidly killed by the host immune response (15).
The E. coli EvgSA and PhoPQ systems are linked through the small
inner membrane protein SafA (63, 64). S. flexneri possesses a ho-
mologue of SafA, but further work is required to define the targets
of EvgSA that are required for intercellular spread and to deter-
mine if activated EvgA contributes to S. flexneri virulence through
PhoPQ.

The RstBA TCRS is regulated by the PhoPQ system in E. coli
(65). In Salmonella, RstA is required for wild-type expression of a
number of iron-responsive genes, including those that encode the
Fhu, Sit, Fep, and Feo transporter systems (66). Shigella species
encode multiple iron acquisition systems to counteract the iron-
restricted environment of the host; specifically, S. flexneri encodes
the genes for biosynthesis and transport of the siderophore aero-
bactin, the fhu genes encoding a ferrichrome transporter, and
genes encoding the Feo and Sit transporters of ferrous iron (6).
Knockout of single iron acquisition systems does not impair
plaque formation, but a sit feo iuc mutant cannot grow in the
absence of exogenously supplied siderophore or form plaques in

epithelial cell monolayers (6). If the RstBA TCRS also activates
expression of iron acquisition systems in Shigella, we postulate
that the rstA mutant forms smaller plaques, because it is unable to
adequately upregulate iron acquisition systems and is nutrient
restricted.

We have characterized 12 TCRS and the transcriptional acti-
vators Nac and GadE for their importance to S. flexneri intracel-
lular adaptation. None of these mutants were impaired entirely for
virulence assessed as the ability to invade the host cell, replicate,
and spread to adjacent cells. However, our data suggest that
NtrBC, EvgSA, RstBA, and Nac play a role in metabolic adaptation
of S. flexneri to the intracellular environment, since mutants lack-
ing these systems formed small plaques in cultured Henle cell
monolayers. In a natural infection, mutants lacking these systems
may not be able to shift their physiology as rapidly as the wild type
and would exhibit reduced fitness. The regulatory circuitry of bac-
teria is complex, and the interconnected levels of regulation likely
are necessary for Shigella to adapt metabolically to the host cell
environment.
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